Non-invasive in situ monitoring of catalyzed chemical reactions can show and probe the stability of the catalyst and ensure a high yield of the desired chemical processes. Infrared in situ measurement techniques in attenuated total reflection (ATR) and transmission mode were used to assess the feasibility of these methods and ultimately compare their ability to monitor and detect active or degrading catalyst species. Four different process configurations were used, namely (i) a stirred tank reactor equipped with ATR-IR; (ii) a continuously operated miniplant with ATR-IR; (iii) a continuously operated miniplant with transmission-IR; (iv) a stirred tank reactor equipped with transmission-IR. The established hydroformylation of a long-chain olefin catalyzed by a rhodium-phosphite catalyst was taken as a representative reaction. The potential for process monitoring in molecular catalysis was evaluated. Advanced chemometric analyses by Band Target Entropy Minimization (BTEM) were performed following spectral monitoring to obtain pure component spectra estimates as well as relative time-dependent concentration profiles. In general, this study showed that infrared measurements in transmission mode are able to detect active catalytic species and can follow deactivation phenomena in batch reactions and continuously operated miniplants. Apart from the substrates and products, a number of catalytic intermediates appear to be in equilibrium exchange at reaction conditions and hence the deconvolution of multispecies spectra exhibits superimpositions of these species. Quantum chemical calculations support the structural identification of measured vibrational spectra. This comparative study of ATR versus transmission and batch experiment versus continuously operated miniplant shows that transmission IR is capable of getting in-depth spectroscopic data that can be deconvoluted by BTEM. A distinct dosing strategy is important to get meaningful data on the molecular catalyst under process conditions. This study gives a unique perspective on in situ spectroscopic infrared investigations in molecular catalysis and future process control.
■ INTRODUCTION
In order to bring catalyzed reactions from the laboratory into the plant, the stability and the reactivation of the catalyst play a key role in reliability and cost of the process. This is especially true for molecular catalysts that need to be separated from the products by a physical barrier like distillation, multiphase systems, membranes etc. In this regard the topic of the utilization of in-line analytical tools for the real-time observation of chemical processes plays a key role to elucidate the deactivation of molecular catalysts. 1 On-line or in situ spectroscopic measurements are often implemented to gain an insight into reaction kinetics and catalytic mechanisms. 2−7 These techniques are also capable of providing a real-time insight into continuously operating processes with respect to conversions, yields and catalyst species, which is still rarely reported. These understandings are a key technology for stable and efficient process concepts. 8 There are several ways to conduct in situ measurements. Very basic information is gained from simple bulk measurement parameters like density, conductivity etc. Information regarding the properties of products and substrates in the mixture can be gained from chromatographic techniques such as high-pressure liquid chromatography or gas chromatography. These techniques have an intrinsic time lapse between the time of sampling and the time the information is available and perturb the experimental setup by pulling samples. Noninvasive and real-time analytical tools with a high information density include spectroscopic measurements such as nuclear magnetic resonance, Raman, UV−vis and IR-spectroscopy. 9, 10 The detailed information obtained by IR-transmission measurements has frequently been used to gain insights into the mechanisms of molecular-catalyzed reactions. 2, 5 Organometallic species such as metal carbonyl or metal hydride complexes can be identified with this sensitive technique. 48 Depending on the catalyst properties, other suitable techniques for this purpose besides IR are NMR or Raman spectroscopy. Furthermore, the Lambert−Beer's law can be applied in the linear region of the detector's response to quantify concentrations in the sample solution. Two different measurement modes, namely attenuated total reflection (ATR) or transmission, are used for liquids.
The postprocessing of spectroscopic data has become an important tool over the past decade to gain more insights from complex spectral data that have been acquired over time. One method is Band Target Entropy Minimization (BTEM), 11 an algorithm applied to big data sets to untangle multicomponent spectra and to obtain pure component spectra. 4 This approach demonstrated its unique potential in several detailed mechanistic elucidations, e.g. the simplest mononuclear Rh carbonyl-hydride species was first identified using this tool. 12 To the best of our knowledge, an infrared spectroscopic investigation on a process level with a BTEM postprocessing has not yet been described. 13 In this work, the infrared spectroscopic technique is used to gain insights into a continuously operating process. The majority of publications on in situ IR techniques in literature focus on investigations of mechanisms. 14, 15 The established hydroformylation reaction was thus chosen as an example reaction. 16 Since this reaction yields more than 12 million tons of aldehydes from olefins and syngas every year, the optimization of reaction conditions and improvement of process performance are of high relevance. 17 Precious rhodium catalysts are often combined with sophisticated ligands to achieve a high selectivity for the desired linear aldehydes. 18 On a large industrial scale, hydroformylation is performed continuously with low molecular weight substrates. When it comes to processing long-chain olefins from sustainable resources, the main challenge is to separate the high-boiling products from the temperature-sensitive catalysts and from the substrates.
Over the past few years, hydroformylation miniplants for the conversion of 1-dodecene to tridecanal ( Figure 1 ) using twophase techniques such as thermomorphic multicomponent solvent systems (TMS) or micellar systems have been described as a practical solution to the separation problem. 19−23 In addition, new reactor setups and the membrane separation of rhodium catalysts were recently demonstrated. 24, 25 
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Unfortunately, all of the aforementioned continuous processes suffer from deactivation phenomena or catalyst degradation on a longer time scale. 19, 22, 26 Nevertheless, this situation can be overcome by feeding new catalyst to the process. The deactivation of homogeneous transition metal catalysts over a long period is frequently observed and some mechanisms of the degradation of ligands or metal complexes have been proposed. 16, 27, 28 In order to achieve reliable and stable continuous processes based on molecular catalysis, the deactivation needs to be detected at an early stage under real operating conditions, so that new and optimized operating procedures can be developed and implemented. 29, 30 Therefore, the present contribution has four goals, including (i) the in situ spectroscopic study of the hydroformylation reaction using a commercially available ATR probe (ii) the in situ spectroscopic study of the same reaction using a customized, high-pressure transmission infrared cell 31 (iii) the use of the BTEM algorithm to deconvolute and untangle each set of data (iv) the comparison of the quality of the results from these two individual spectroscopic investigations (ATR and transmission)
The test reaction in the continuously operated miniplant was conducted in toluene with 1-dodecene as the substrate, a catalyst system consisting of Rh(CO) 2 (acac) as the catalyst precursor and biphephos as the ligand (see Figure 1 ). 32 In previous homogeneous catalytic studies, BTEM has been used exclusively in small batch scale experiments. 4−7 The current study provides the opportunity to extend the application of BTEM to experimental data from a continuously operated miniplant. The objective of such a study is to better characterize the speciation during the long-term experiment and the time-dependent behavior of these species. An emphasis will also be placed on implementing appropriate experimental designs consistent with both miniplant operations as well as the known prerequisites for successful signal processing with BTEM. 6 The use of quantum chemical calculations in the chemical industry has recently gained strong support due to the development of faster algorithms as well as computer hardware. 33, 34 Table 1 provides an overview of the experiments conducted in this study. The first experiment was performed in batch mode and monitored by an ATR-probe (case 1). An ATR probe was also used in a continuously operated miniplant (case 2). The ATR probe was then replaced by a transmission probe in a continuously operated miniplant (case 3). Finally, the batch experiment was conducted with a transmission IR probe instead of the ATR (case 4).
The spectral ranges of the ATR and transmission IR employed in our experiments were primarily determined by both the optical materials and the detectors that were used. 35 In general, the ATR-IR suffers from a rather low signal intensity and low spectral resolution (8 cm −1 ). The diamond prism in the ATR has a self-absorption band of around 2000 cm −1 , which limits the spectral range, particularly for the metal carbonyl stretches. In addition, there is a cutoff below 750 cm −1 due to the MCT detector (equipped with a ZnSe window).
In contrast, CaF 2 windows employed in the transmission IR probe have a self-absorbance cutoff below 1000 cm −1 . In addition, the CaF 2 windows, with a ca. 100 μm path length, provide a significantly higher signal intensity with a lower noise level than the diamond prism. The transmission measurements were carried out at a resolution of 2 cm −1 .
The constraints in the wavenumber ranges are materialrelated ( Figure 2 ). For instance, the ATR-IR is also available with a silicon optic element that shows no self-absorption around 2000 cm −1 . Also, the CaF 2 windows can be substituted by diamond windows, which are for example more durable against solvents.
With respect to the implementation of the different probes, the ATR immersion probe is very easy to set up in both a continuous and batch operating mode. In contrast, the installation of a transmission IR cell in both a continuous and batch-operating mode requires a circulating liquid flow so that pump selection becomes a critical issue ( Figure 3 ).
■ RESULTS
All reactions in batch reactors and in the continuously operated miniplant were run with suitable experimental designs in order to facilitate spectral postprocessing with BTEM (see Section 2.2 for more details). As can be seen in Table 2 for a batch reaction, multiple perturbations were performed regarding substrate, catalyst precursor, ligand, solvent and partial pressure of CO and H 2 . At least 20 IR spectra were taken after each change in operating conditions during the experimental run. This was done to ensure that a large number of spectra were available at each operating condition ( Table 2 ). 
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All IR-measurements were conducted at 60°C in both batch and miniplant mode.
Case 1: Hydroformylation in a Batch Reactor Operated with an ATR-Infrared Probe. The first reaction was performed in a stainless-steel autoclave that was equipped with an ATR-IR probe and the dosing strategy was applied (see Table 1 ). Spectra were recorded in the course of the reaction. The raw spectral data obtained from this experiment are very complex. Many overlapping bands are present and some of these bands are clearly time-dependent ( Figure 4 ).
This data set was then processed by BTEM in order to estimate the underlying pure component spectra and to provide the corresponding relative concentration profiles. From the acquired BTEM estimates also the perturbation experiments can be seen. First, the 1-dodecene was added to the pure toluene. Thereafter, the catalyst which was dissolved in toluene was added, which is shown by diluting the 1dodecene concentration in small steps in Figure 5 . The addition of catalyst induced the isomerization to internal olefins after 1.5 h. After 4 h the final concentrations and pressure were reached.
With a robust data set, the BTEM calculation usually gives accurate pure component spectral estimates. But in more difficult cases, the data can be colinear and some of the resulting "pure spectral estimates" will be superimpositions of spectra. 36 The results from the analysis of the fingerprint region are presented in Figure 5 . For example, the pure component spectral estimates for toluene (5) and the pure component spectrum for the substrate (spectrum 1) appear to be accurate. However, the spectral estimates for internal olefins (2) and aldehydes (4a/4b) are probably superimpositions of a number of isomers. These deconvoluted organic species spectra were consistent with the GC results. Moreover, an additional spectral estimate was recovered (spectrum 6a). An inspection of spectrum 6a suggests that it is probably the superimposition of a few species due to the very complex speciation of organometallics, the probable degradation of the ligand and the limitations of the experimental design and the low-resolution of the ATR instrument.
The deconvoluted spectrum (6a) cannot be unequivocally assigned to one of the organic compounds in this spectral range. In order to investigate the origin of these signals, density functional theory (DFT) calculations were performed for many different rhodium biphephos degradative species as well as the free ligand ( Figure 6 ). Spectrum 7a originates from the hydrido-dicarbonyl-biphephos-rhodium precatalyst complex, and its spectral properties are shown in the range of interest, i.e. from 1100 to 1300 cm −1 . According to the calculations, this is one of the most stable species in the reaction cycle and other research groups successfully identified or isolated similar bisphosphites as an important, or the most abundant species. 37, 38 The free ligand (7b) displays the same absorption bands at around 1160 and 1175 cm −1 . The calculations clearly show that these vibrational absorptions arise from the stretching C−O modes originating from the phosphite oxygens and aromatic carbons of the biphephos ligand coupled with aromatic C−H in-plane bends. The P−O phosphite stretches occur below 1000 cm −1 in the calculations. Hydrolysis of the phosphites occurs due to traces of water that result from aldol condensation of the aldehyde products. Although being less sensitive to oxidizing agents, bulky phosphite decomposition can be mediated by oxygen and radicals. To also include these possibilities, both hydrolyzed and oxidized ligands were also End of spectral acquisition Figure 4 . Unprocessed ATR-IR spectrum of the hydroformylation of 1-dodecene in toluene catalyzed by a rhodium biphephos complex.
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Research Article tested by computational means. As Figure 6 shows, these degraded ligands show vibrations around 1160 cm −1 , with a slight shift toward smaller values in the oxidized and higher values in the hydrolyzed species. However, the absorption around 1175 cm −1 remains almost unchanged. Because there is no significant change in this band upon complexation or hydrolysis and oxidation, it is hard to assign the measured vibration to a specific species. Additionally, there are more degradation pathways possible, like monophosphite ligand alkylations etc. 29 By comparing the DFT and BTEM results, it is apparent that such an organometallic species can originate from the biphephos ligand, whose concentration declined over time.
Case 2: ATR-IR Measurements in a Continuously Operated Miniplant. In case 2, the ATR-IR probe was implemented in a continuously operated miniplant. This 
Research Article miniplant was designed to retain homogeneous catalyst by organic nanofiltration. As previously reported, the miniplant consists of two separate loops with different flow rates. The loop from the reactor A into the holdup B and back to the reactor A is operated at 3.5 l/h (C1) while the loop from the holdup unit B to the membrane unit C and back to the holdup unit B is operated at a rate of up to 120 l/h (C2, Figure 7) . A PDMS-membrane (GMT2) was employed. 39 The position of the ATR-probe in the recycle stream to the reactor was chosen by considering a location in the miniplant with a relatively high catalyst concentration and a moderate flow rate.
During the course of this experiment, all of the reagents were dosed into the holdup unit. IR-data were acquired over 20 h. The data was then processed by BTEM. The deconvoluted spectra and relative concentration profiles are shown in Figure  8 .
As in case 1, toluene (5), aldehydes (4a/b), terminal alkene (1) and internal alkenes (2) could be observed. The relative concentration profiles were consistent with the GC data. In contrast to case 1, no organometallic spectra could be reconstructed. The ATR-IR technique in this case is not sensitive enough to show catalyst complexes at a ppm level. Since dosing into the miniplant was carried out via the holdup tank, the corresponding signal of the rhodium species in the IR data is not intense. The newly introduced component is diluted in the membrane loop before it enters the recycle loop. This significantly decreases the signal intensity and therefore hinders the BTEM analysis.
Case 3: Transmission-IR Measurements in a Continuously Operated Miniplant. The finding that ATR-IR was not providing spectral data for organometallic species in the miniplant prompted the use of a flow-through cell in transmission mode. The cell is located at the same position as the ATR-probe in case 2. The process was operated over 48 h while IR-data were acquired. The raw data were analyzed by BTEM. Two wavenumber ranges, one higher range from 1750 to 2850 cm −1 and one lower range from 1100 to 1450 cm −1 , were investigated independently since the alkene band at 1630 cm −1 and the aldehyde band at 1700 cm −1 exceed the signal intensity for the linear response regime interpretation. This means that it is not possible to analyze the aldehyde region by BTEM. The results of the BTEM analysis are shown in Figure  9 as the pure component spectra estimates and the corresponding relative concentration profiles.
The BTEM analysis in the higher range of wavenumbers (1750−2850 cm −1 ) provided pure component spectral estimates of the rhodium precursor (8), carbon monoxide (7) and the two aldehyde isomer products (4a/b) which were not detectable in cases 1 and 2 where the ATR probe was used. The corresponding relative concentration profiles show that the rhodium complex is relatively stable over time. The BTEM analysis of the lower range of wavenumbers (1100−1450 cm −1 ) shows that the relative concentration of the linear aldehyde (4a) increased very rapidly at the initial time and the concentration of the branched aldehyde (4b) started to increase later (at ca. 20.5 h) during the continuous experiment. 
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The assignment of the linear and branched aldehydes 4a and 4b was based on the similarity in the corresponding concentration profiles of these two spectra estimates compared to the concentration profiles obtained by the analysis of the higher wavenumber region. In addition, the assignments to the linear and branched aldehyde spectra are corroborated by the GC data (Figure 9 , dotted data points). In fact, a yield of 80% of linear aldehydes was measured with only 2% of branched aldehydes during the first 20 h. After 20 h, the value of branched aldehydes rises to 30%.
As discussed previously in case 1, the spectral estimate of the metal complexes/ligand (6b) in the region 1100−1450 cm −1 is in fact a superimposition of more than one complex species.
The complex (6b) overlapping biphephos spectra estimates have a rather constant intensity until ca. 20.5 h, and then the intensity rapidly declines. This suggests the degradation of the core biphephos structure of the rhodium catalytic species and hence the loss of selectivity in the hydroformylation starting at ca. 20.5 h. It is already known that biphephos is not inert 22 so that this information may be important to control homogeneous catalyzed processes in the future.
Although the region below 1000 cm −1 could not be observed due to the CaF 2 window cutoff, the continuous experiment with transmission FTIR spectroscopy (case 3) provided considerably more insights into the speciation and concentration profiles compared to the ATR experiments (case 1 and 
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Research Article 2). This is especially true with regard to the observation of metal organics, which inherently appear at ppm concentration levels. The enhanced sensitivity of the transmission measurement reduces the accuracy of the high concentrated compounds like aldehydes or olefins. This can be seen by the deviation of the GC and IR data. The trend of both methods is the same while the IR becomes more inaccurate with higher concentrations.
Case 4: Transmission-IR Measurements in a Batch Reactor. In the ATR-IR batch experiment (case 1) and the transmission IR experiment in a continuously operated miniplant (case 3), it was possible to observe some organometallic species (6a/b). In an attempt to better disentangle the spectral estimates of overlapping organometallic species observed in case 1 and case 3, a transmission IR measurement in a batch reactor was performed.
As in case 1, the same reaction conditions and perturbation strategy were applied. IR-measurement was performed over 5 h, and the data were processed by BTEM to obtain the pure component spectral estimates and the corresponding concentration profiles. These results are shown in Figure 10 . 
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A preliminary BTEM analysis was performed in the higher wavenumber region (2000−2800 cm −1 ). The organic species such as the aldehyde product (4a/b) and CO (7) can be assigned. Since only traces of branched aldehydes were synthesized, the corresponding spectral estimate was not obtained from this experiment. It is worth noting that three new organometallic species could be observed (6c, 6d, 9) together with the known rhodium precursor (8) in this experiment. The better signal-to-noise ratio of the transmission IR-data provided the possibility of obtaining more single component spectra, and therefore a more detailed insight into the catalytic mechanism. The main difference between case 4 and case 3 was in the experimental design, specifically the dosing strategy. In the batch setup, the dosing returns a quasiimmediate response in the IR-data, whereas the response was delayed in the continuously operated miniplant system due to its higher volume.
A BTEM analysis was performed once again with an emphasis on the 1950−2150 cm −1 wavenumber region to allow a closer examination of the time-dependent relationship between the rhodium precursor (8) and the three newly deconvoluted organometallic species (6c, 6d, 9) . The new sets of pure component spectra and corresponding relative concentration profiles are shown in Figure 11 .
Within the wavenumber region selected for the current analysis, i.e from 1950 to 2150 cm −1 , the signal contribution of the olefin is almost insignificant. Furthermore, only a small amount of olefin was converted to the aldehyde product in the course of the reaction, especially during the initial hours, so that the initial mixture spectrum of toluene solvent and olefin substrate was used as the fourth component for the purpose of data fitting.
Using this four-component model, we obtained a new set of time-dependent concentration profiles. These are shown in Figure 12 : (6e) the first new organometallic species; (8) the Rh(acac)(CO) 2 precursor; (6f) the second new organometallic species; (10) toluene solvent and olefin substrate mixture. In the more precise examination of the narrower wavenumber region, the three metal complexes (6c, 6d, 9) turn out to be just two.
In Figure 12 , the precursor Rh(acac)(CO) 2 had a relative concentration of around 0 for roughly 12 min. The precursor Rh(acac)(CO) 2 was then injected at this point in time. The relative intensity rapidly increased and remained constant for ca. 32 min, when biphephos ligand was injected and H 2 was added. There was a slow decline in the relative concentration of the precursor for the rest of the reaction period. Upon injection of the precursor Rh(acac)(CO) 2 , and in the presence of both CO and alkene substrate two new pure component spectral estimates appeared and the relative concentration remained constant until the injection of biphephos ligand (t = 12 min) and the addition of H 2 (t = 32 min). The relative intensity of this newly formed organometallic species increased steadily for the remainder of the reaction period.
It becomes clear from the concentration profile that the precursor (8) is consumed to form the two organometallic species (6e/f). DFT calculations were performed to help elucidate the newly deconvoluted spectra (Figure 12) .
The free ligand biphephos (BPP) does not absorb in this region, so that a band in this spectral range must originate from a rhodium complex. This is most probably from a carbonylcontaining complex, since the bands due to CO absorption occur at around 2000 cm −1 and are well separated from other vibrations in the spectrum. The first spectrum in the top of Figure 12 (spectrum 14a) is the calculated spectrum of the precursor Rh(acac)(CO) 2 , which shows an excellent agreement with the experimental spectrum presented in Figure 11 with respect to the positioning of the bands, their relative intensity and spacing. In order to identify the other two spectra in Figure 11 , theoretical spectra of several Rh-carbonyl complexes were computed. Together with the precursor, HRh(BPP)(CO) 2 (spectrum 14b) and Rh(BPP)-(CO) 2 (tridecanoyl) (spectrum 14c) are two of the most stable species in the catalytic reaction network according to our calculations. Similar results were obtained in other hydroformylation studies. 40 Nevertheless, neither of the deconvoluted experimental spectra matches the positioning of the calculated bands of these two complexes. Dimeric complexes are often mentioned in literature as a possible pathway for catalyst loss. 41 A theoretically predicted spectrum of a dimeric Rh-complex containing two bridging and two terminal carbonyl groups is also presented in Figure 12 (spectrum 14d). In the depicted region from 1900 to 2150 cm −1 the dimeric complex only exhibits two absorptions because the two bridging CO absorptions occur around 1800 cm −1 and are not presented here. The fifth and the sixth spectrum in Figure 12 originate from hydrido monocarbonyl complexes (14e and 14f), assuming that a tentative complex contains hydrogen and CO in axial positions and biphephos in equatorial-equatorial (e,e) position. The computed CO absorption of this unsaturated complex appears at 2043 cm −1 . It is not very likely that an experimental spectrum would originate from an unsaturated 16 electron species, but this has been included here to prove the hypothesis of the axial arrangement of H and CO as well as the e,e arrangement of the biphephos ligand. The band shifts to higher frequencies by around 20 cm −1 upon saturation of the complex with the substrate. The respective band at 2065 cm −1 offers a potential interpretation of the experimental spectrum (6e).
Indeed, all the 18 electron mononuclear organo-rhodium species considered in this system have 3 CO vibrations or less, and the two remaining BTEM spectral estimates have at least 4 bands each. This suggests that the 2 remaining "pure component" spectral estimates in Figure 11 are very likely due to the superimpositions of 2 or more species. Finally, we note that no bridging carbonyls (ca. 1800 cm −1 ) remain in the BTEM spectral estimates, therefore ruling out the presence of significant amount of dinuclear rhodium complex.
These findings show that under the chosen conditions, metal catalyst complexes can be observed. More data in a wider spectral range have to be recorded to obtain better deconvolution results.
■ CONCLUSION
In the context of this paper, two IR-techniques have been tested in a batch reactor setup and in a continuously operated miniplant under industrially relevant conditions. Time-dependent IR data were collected and processed by BTEM. Both ATR-IR and transmission-IR were able to track the organic species such as substrates, products and side products. Linear and branched aldehydes as well as terminal and internal alkenes could be observed depending on the experimental setup such as wavenumber range of the technique restricted by window material or instrumental setup. BTEM estimates and GC results were consistent in terms of concentration profiles for all organic compounds.
ACS Catalysis
Research Article
In the continuously operated miniplant, a decrease of a single spectrum signal at 1150 cm −1 was observed by ATR and transmission IR. The decay of this signal corresponds to the loss of selectivity to branched aldehyde products of the catalytic system in the miniplant. This indicates that this band can be used in further experiments to monitor the decomposition of the Rh-ligand complexes. Furthermore, this finding can be used in future to control the process directly by monitoring this catalyst vibrational feature.
DFT was used to reconcile the BTEM spectral estimates and assign organo-rhodium species to the BTEM spectra. More accurate data on the organo-metallic species can be obtained if a more controllable reactor setup with a precise dosing is combined with transmission-IR. In this case, rhodium complexes can also be followed and characterized by DFT calculations. Table 3 offers an overview of the four different cases.
In conclusion, ATR-IR has the benefit of an easy setup, but the limited wavenumber range combined with the low intensity of the signal make it difficult to obtain information on organometallic compounds. This technique is suitable to track all organic chemicals in the process.
Transmission-IR is more difficult to implement because of the need for a distinct flow. The wavenumber range is larger and the data acquisition therefore of a higher information quality. The intensity of the signals enables a spectral detection of organometallic intermediates.
In both techniques, a suitable dosing strategy to start the reaction is crucial for the postprocessing of the data by BTEM. The more precise the dosing, the better the quality of the data. This is an intrinsic hurdle for continuously operated systems since the increased holdup and the position of dosing is more indirect compared to a batch experiment.
In the future, the BTEM algorithm has to be developed into a code that can be fed continuously with new data in order to make the data more accurate and to detect and identify degradation of the catalyst species on the fly.
In the future, a combination of transmission-IR with UV−vis or Raman techniques in the same miniplant may be able to solve the challenges that have arisen and provide better data for both organic and organometallic compounds. The decomposition of catalyst complexes in the process can be followed in the future in real time with this setup. This has a potential impact on controlling stability in the homogeneously catalyzed processes and the design of new ligand classes toward an increased stability.
■ EXPERIMENTAL SECTION
Band Targeted Entropy Minimization (BTEM). Band Target Entropy Minimization (BTEM) is a "blind source separation" program that generates the underlying pure component spectra present in a spectroscopic data set without the use of any a priori information. The usual input for the BTEM algorithm is simply a large set (hundreds or thousands) of spectra taken from a homogeneous catalytic reaction. The chemical constituents introduced into the reaction are of no importance to the algorithm. BTEM searches for the simplest underlying patterns in the data set, where the term "simplest" has a strictly mathematical meaning in the sense of minimizing signal entropy. If an adequate experimental design with multiple perturbations is used (see Table 2 ), then the simple patterns normally correspond to very accurate estimates of the pure component spectra. With an adequate vibrational spectroscopic quality and suitably robust data sets, pure component spectra for components at the 1 ppm level can be reconstructed, often with a 25:1 signal-to-noise ratio. The BTEM algorithm analyzes the data set by recovering one pure component spectrum at a time until all of the residual information is exhausted. Further details on the mathematical constructs of BTEM and its uses in homogeneous catalysis can be found in the original journal papers. 6, 11 Computation of IR Spectra. DFT calculations were performed using Turbomole v 6. 42 The BP86 43, 44 functional was used by employing the RI approximation. 45 A triple-ζ basis set with polarization functions (def2-TZVP 46 ) was used for all atoms. All of the investigated candidate structures were identified as being minima on the potential energy surface due to the absence of any imaginary frequency. A scaling factor of 1.004 was used for the low frequencies, 47 whereas a scaling factor of 1 was used for the carbonyl region. 48 The BP86 functional was shown to provide more accurate Rh(I)-carbonyl vibrational frequencies than the hybrid B3LYP functional for a series of 45 compounds and allowed the assignment of experimental spectral features. 48 Batch Autoclave Experiments. The experimental equipment used in case 1 (ATR-batch autoclave) consisted of a 300 mL pressure autoclave (Parr Instruments) with overhead stirring and electrical heating. A Mettler Toledo ReactIR 15 with an ATR-IR probe with a diamond optical window was used.
Prior to filling the reactor, it was evacuated and then flushed with argon (3 times). After the reactor had been heated up to the required reaction temperature, the reaction mixture was introduced into the reactor and sampled as stated in Table 2 . All steps were carried out using standard Schlenk technique. In order to overcome the increasing pressure inside the reactor, all of the components were introduced into the reactor via a pressure sluice.
Reaction conditions: m total = 50 g, w 1-dodecene = 0.25 (223 mmol), w toluene = 0.75 (129 mL), T R = 60°C, p R = 20 bar (CO/H 2 = 1/1), F = 1000 rpm, c [Rh] = 0.05 mol % (0.1 mmol), [Rh]/Biphephos = 1/5.
The experimental equipment used in case 4 (transmissionbatch autoclave) consisted of a thermostated autoclave that 
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Research Article had been built in-house (100 mL), with externally coupled magnetic stirring and a thermostated transmission cell that had also been built in-house. These were connected with a recycle loop using a hermetically sealed MicroPump gear pump. The liquid mixing time in the reactor was 30 s and the liquid mixing time for the entire system was 5 min. The overall gas−liquid mass transfer was rapid, with 98% saturation occurring within 1 min. Gas purification columns were used for Ar, CO and H 2 .
Gas and liquid manifolds were present for introducing solvents and reactants. All materials in the experimental system that came into contact with the liquid phase were made from either SS316 (autoclave, transmission cell, pump head, all valves and transfer lines), Kalrez (seals), graphite (pump gear), Teflon (window spacers, stirrer bar, seal for fittings), or CaF 2 (windows). The system was designed for a maximum operating pressure of 100 bar. The entire experimental system is documented in detail elsewhere. 31 Reaction conditions: m total = 50 g, w 1-dodecene = 0.25 (74 mmol), w toluene = 0.75 (43 mL), T R = 60°C, p R = 20 bar (CO/ H 2 = 1/1), F = 1000 rpm, c [Rh] = 0.05 mol % (0.04 mmol, [Rh]/Biphephos = 1/5.
Continuous Miniplant Setup. The miniplant has already been discussed in a previous contribution. 25 The ATR probe (React-IR 15, Thermo Fischer) can hold 69 bar and is connected to the sensor via an optical fiber. The tip of the probe is a diamond window where the total reflection is conducted and the spectroscopic data is collected. The ATR technique in combination with the optical fiber suffers from a low signal intensity. The diamond window has a selfadsorption of around 2000 cm −1 , which limits the spectral data.
The transmission-IR (Vertex70, Bruker) needs a cuvette with a defined path length through the sample. This requires a steady stream of the sample solution from the reactor to the probe and back again. In a continuously operated miniplant, an installation is easier since the miniplant's internal streams can be used. The probe used is a self-designed high-pressure cell with CaF 2 windows that have a self-absorbance below 1000 cm −1 . Due to the higher intensity of the signals, the wavenumber range is much bigger.
Reaction conditions:V feed = 104.5 mL h −1 , w toluene = 0.75 (78.4 mL h −1 ), w 1-dodecene = 0.25 (155 mmol h −1 ), c [Rh] = 0.05 mol % (8 mmol h −1 ), [Rh]/Biphephos = 1/5, T R = 90°C, p = 20 bar, (CO/H 2 = 1/1), F = 500 rpm, T OSN = 30, 8°C,V C1 = 3 L h −1 ,V C2 = 110 L h −1 , A membrane = 30 cm 2 .
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